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Mesoporous carbons have been widely studied due to the relevance of these materials for 
applications in energy storage and conversion devices (batteries, supercapacitors, and fuel cells), 
mainly due to their high surface area, tunable pore distribution, and good electrical conductivity. 
Though carbon is chemically stable, mesoporous carbons used in fuel cells are susceptible to 
corrosion when exposed to high positive overpotential in acid media that result in dissolution and 
agglomeration of valuable noble catalyst nanoparticles. 
In this thesis, high-surface-area mesoporous carbons (~ 600 to 1000 cm2/g) were obtained 
by carbonization of resorcinol formaldehyde (RF) polymer gels; using poly-diallyl 
methylammonium chloride and SiO2 (~200 nm diameter) as soft- and hard-template, respectively, 
to tailor the textural properties of the carbon products. Accelerated ageing tests on platinized 
samples prepared with mesoporous carbons exposed to different annealing treatments showed a 
significant improvement in stability after annealing for two hours at 1500oC, over performing an 
in-house prepared Pt/ Vulcan carbon reference sample. The deposition of TiO2 on carbon was also 
intended to improve the catalyst/substrate stability at lower annealing temperatures, some 
preliminary results are also presented in the thesis.    
Overall, the thesis has contributed to the implementation of a flexible methodology for the 
synthesis of organic polymer gels and carbon gels, that it is expected will contribute to the 
development of novel heteroatom-doped carbons and non-precious metal catalyst materials for 
renewable energy, photo- and electrocatalysis, sensors, environmental remediation, and waste 
treatment.  
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Chapter 1. Introduction   
Global demand for energy has significantly increased in the last decades, and thus the 
environmental problems associated to the use of fossil fuels. Consequently, the need and 
value of alternative and more sustainable energy sources, as well as more efficient energy 
storage and conversion devices is greater than it was in the past. In this context, proton 
exchange membrane fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs) are 
alternative options for stationary, portable, and transport applications that can contribute to 
a reduction of greenhouse gasses emissions. 1  In the case of  DMFCs, methanol fuel is 
obtained from wood, agricultural waste or other biomass resources 2, and in the case of 
PEMFCs,  hydrogen can be produced on a large scale through electrolysis or eventually 
through a thermochemical cycle using water and renewable energy sources.3 
Unfortunately, both PEMFCs and DMFCs are limited by the need of high Pt loading 
in the cathode due to kinetic limitations imposed by the sluggish oxygen reduction reaction 
(ORR).4  
𝑂2 + 4𝐻
+ + 4𝑒− → 2 𝐻2𝑂        (ORR) 
 In addition, DMFCs also require the use of precious metals, PtRu, as catalyst material 
in the anode for the oxidation of methanol (MOR) to overcome the limitations imposed by 
qqqthe irreversible adsorption of methanol oxidation products.4   
(1) 𝑃𝑡 + 𝐶𝐻3𝑂𝐻 → 𝑃𝑡𝐶𝑂𝑎𝑑𝑠 + 4𝐻
+ + 4𝑒−               (MOR) 
 (2) 𝑅𝑢 + 𝐻2𝑂 → 𝑅𝑢(𝑂𝐻)𝑎𝑑𝑠 + 𝐻
+ + 𝑒− 
 (3) 𝑃𝑡𝐶𝑂𝑎𝑑𝑠 + 𝑅𝑢(𝑂𝐻)𝑎𝑑𝑠 → 𝐶𝑂2 + 𝑃𝑡 + 𝑅𝑢 + 𝐻





The conditions in the cathode compartment where the ORR takes place in both 
PEMFCs and DMFCs also are very aggressive under some conditions and degradation of 
the carbon support (carbon corrosion) can take place. In the case of Pt, lost due to 
agglomeration, as well as particle dislodgement, and dissolution are limitations that need 
to be solved to make these technologies a more appealing alternative 2,5,6.  Consequently, 
research on these systems has focused on the reduction, as well as the alternatives to Pt 
(cathode) and PtRu (DMFCs anode) materials, and to reduce carbon corrosion by 
developing more chemically inert materials.   
The use of Pt-based multimetallic nanoparticles and the combination of Pt with metal 
oxides have shown promising results in both cases. 3,7,8 However, the benchmark bimetallic 
catalyst for the oxidation of methanol is still PtRu/C (Pt:Ru =1:1), and the abundance of 
Ru, and the required loading are still problematic. 9,10  
In addition to the work done on new catalyst materials, the development of new 
electrocatalyst supports such as carbon nanotubes, nanofibers and graphene have received 
attention due to their enhanced chemical and electrical properties and a positive impact on 
the activity of catalyst nanoparticles, cell durability and efficiency.11 Modification with 
metal oxides has also shown to enhance both activity and durability of the catalyst 
nanoparticles, under the condition of both the anodic and cathodic fuel cell reactions. TiO2 
has been the most widely studied metal oxide due to chemical inertness under oxidizing 
and acidic conditions.12 However, the maximum TiO2 content has been limited by the 
significant reduction of surface area and electrical conductivity of the catalyst substrate.6  
For this reason, in this work, it wasproposed to use a hard/soft template method for the 




of increasing the substrate surface area and achieving the pore size distribution (micro and 
mesoporosity) required for the deposition of catalyst nanoparticles and the diffusion of 
reactants and products to and from the catalyst active sites.  The ability to  develop carbon 
materials with high surface area with a tailorable surface texture is of great interest in the 
development of new electrode support materials for fuel cells and other energy conversion 
devices; if these materials  after deposition of metal oxides can improve the chemical 
stability of the support, this could have a large impact. 11,13,14 
 
1.1 Carbon Materials for Energy Conversion and Storage  
The stability of catalyst support under fuel cell operation conditions is important in the 
development of new substrates. Changes in the support structure can results in catalyst loss 
over time and result in a dramatic decrease in the overall electrochemical activity.15  
Pt has been recognized as the best catalyst for the ORR in both PEMFC and DMFC 
systems.16 This is one of the main challenges in large scale applications since Pt has a low 
natural abundance, with a high cost, and is apart of complex kinetic reactions. The use of 
high surface area catalyst supports has been one of the most effective ways to lower the 
required Pt content and additionally can improve the mass activity of these systems, while 
maintaining the needed power output. These catalyst materials are commonly used to prepare 
an MEA (membrane electrode assembly) that also prevents gas mixing and crossover in the 
fuel cell compartments. Ideally, the membrane is composed of a polymer capable of conducting 





MOR and ORR reactions in acid media both require a good contact of the catalyst with the 
carbon substrate and the Nafion® polymer to take place. Since 4H+ and 4e- electrons are 
required for the reduction of O2, efficient formation of the triple phase boundary (TPB) is 
therefore a requirement. The carbon structure, surface area, pore size distribution and catalyst 
particle site and distribution all play a significant role in the assembly performance17. The use 
of a stable catalyst support is one of the primary methods for reducing Pt ion dissolution 
and solubility in the electrolyte extending the overall lifetime of these materials.  
Mesoporous carbons used in fuel cells have high surface area, conductivity, chemical 
inertness, a high temperature stability, controlled pore structure, processability, and 
compatibility in composite materials, all while maintaining a moderate cost.16,18,19 
Commercial carbon samples commonly used as benchmark materials in many fuel cell 
studies are included in Table 1.1 to highlight the surface area and pore size distribution on 
these materials. 





   
 
 
Degradation under highly oxidizing and acidic conditions is still a problem, and new 
more corrosion resistance mesoporous carbons, graphene, and carbon nanotubes are being 





Black Pearl 2000  1475 2.37 [20] 
Ketjen Black  929 2.5 [19, 26] 
Vulcan XC-72R  240-250 0.63 [19, 22]  




investigated for these applications.11,15,19,21 Graphene and carbon nanotubes are attractive 
because of their high chemical stability and electrical conductivity. 22 However, cost is still 
a main issue, and for this reason other carbon materials and carbon composites materials 
are been studied.1  
The electrical conductivity correlates to the graphitic character of carbon. This is one 
of the main aspects to look at for electrochemical applications and the development of new 
carbon materials. Other textural properties of carbon, such as surface area and pore size 
distribution, are also important because the adequate combination of micro and mesopores 
in the material will improve the diffusion of reactants and products while also providing 
anchor sites for the catalyst deposition improving the dispersion.16,23,24 An increase in 
micropores (d < 2nm) will increase the surface area, and nucleation sites for Pt resulting in 
a more even distribution of catalyst nanoparticles on the carbon surface, but can also result 
in mass transport limitations and the catalyst may be inaccessible to the reactants. 
Mesopores materials (2-50nm diameter) have a lower surface area but are more accesible 
to liquid fuels, and macropores (d >50nm) have the lowest surface area, but a higher 
accesibility. 
One of the several approaches used to control the pore size distribution and surface 
area of carbon materials involve the use of soft- and/or hard-templates, mainly for getting 
materials that consist primarily of micro and mesoporous, the most promissing materials 
for energy conversion and storage devices. Depending on the 3D structure, mesoporous 
carbon (MC) are classified as ordered mesoproous carbon (OMCs) or disordered 




The synthesis of OMCs have involved different carbon sources (sucrose25, 
anthracene26, furfural27, etc) and either a hard template material such as mesoporous silica 
nanoparticles (SiO2-Np)
28 or zeolites29 or  triblock copolymer structures as soft-
templates29. Materials obtained using some of these approaches have been studied for 
several different applications including Li-ion batteries29, supercapacitors30, and fuel 
cells31.  For instance, Birss’ group at the University of Calgary has focused on colloidal 
imprinted carbons (CIC) and their ability to support Pt catalyst nanoparticles. This work 
has highlighted the importance for exerting a high degree of control over the synthesis 
conditions and pore sizes as there is a noticeable effect, carbon wall thickness from 
templates between 50nm and 10nm26,32.  
 Fig. 1.1 illustrates a disordered porous carbon material in comparison with an 
OMCs that was prepared through templating the carbon precursor onto an ordered 







Figure 1.1 (a) “concentric crystallite” model of VC particles, and (b) mesoporous structure of synthesized 
CIC particles. (c and d) show the expected changes in the crystallite structure after heat-treatment (HT) of 
VC (a) and the CICs (b), respectively. Reproduced with permission from J. Electrochem. Soc., 165 F3230-
F3240(2018). Copyright 2018, The Electrochemical Society 
 
As shown, the template left behind mesopores due to the shape, and micropores 
where the graphene sheets meet. After heat-treatment, a more ordered graphene packing 
(larger crystallite size) is obtained.  
DMCs are also common, and numerous studies are focusing on fuel applications 
involving them.16,33 In this group, MC obtained by the carbonization of synthetic polymer 
gels has been considered an attractive alternative in the past, since high surface area 




synthesis conditions (solvent, pH, temperature, and time), using soft- and hard-
templates,11,34 or changing the drying conditions.11,35 The number of variables that can be 
modified in the synthesis procedure made this approach highly attractive for the production 
of novel carbon materials for both energy storage and conversion, as well as the 
development of sensors, water treatment, and environmental remediation. Also, because of 
the relevance of carbon gels in the context of this thesis, the synthesis and performance 
characteristics of these materials will be discussed in more detail in the following sections, 
but before doing that, it is better to briefly explain the most common methods for the 
determination of surface area and pore size distribution in pore materials. 
Surface Area and Pore Size Distribution Determination 
Based on the size, pores can be classified as: micropores (d< 2nm), mesopores (2> d 
>50 nm) and macropores (d >50nm) where d represents the pore diameter.  The most 
common method for determining the surface area and pore size distribution of micro- and 
mesoporous materials is through adsorption and desorption of gases (N2, CO2, He etc.). 
The International Union of Pure and Applied Chemistry (IUPAC) has categorized 
adsorption isotherms into six groups (Fig. 1.2) for describing the adsorption of the gas 
molecules on solid samples. 
Microporous materials are characterized by type Ia isotherms where the micropores are 
smaller than ~ 1nm, resulting in pore filling at very low  P/Po pressures, while type Ib is 
typical of materials with wider micropores up to ~ 2.5 nm36. A molecule of N2 has a size 
of 0.155nm and can easily fill pores between 0.5-1nm. Type II isotherms describe 
physisorption onto macroporous materials, with the inflection point B signifying the 




isotherms are characteristic of weak adsorbate-adsorbent interactions, when compared with 
the interaction between adsorbed molecules at low partial pressures.36 Mesoporous 
materials result in type IV isotherms, which show monolayer adsorption up to the first 
inflection point, similar to type II isotherms, followed by the condensation of the gas 
adsorbate in the mesopores of the material. Small mesopores result in the reversible type 
IVb isotherm, while the type IVa isotherm shows a hysteresis loop caused by capillary 
condensation in wider mesopores ( ≥ 4 nm for N2 adsorption) [37]. Finally, the type V 
isotherm is characteristic of weak adsorbate-adsorbent interactions, followed by pore 
filling at high partial pressures, while the type VI isotherm shows multilayer adsorption on 






Figure 1.2. Types of physisorption isotherms, types I -VI with typical hysteresis loops. Reprinted 
from Thommes et al., Pure Appl. Chem., 87, 1051, 2015 Physisorption of gases, with special 
reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report).  





1.2 Mesoporous Carbon Obtained by Carbonization of Polymer Gels  
The preparation of organic gels, and subsequent carbonization in an inert 
atmosphere to prepare mesoporous carbon materials has been an active area of research 
that has existed for quite some time,  primarily those involving resorcinol-formaldehyde 
(RF) polymer aerogels and xerogels.23  RF gels were first synthesized by Pekala in the late 
1980s through the polycondensation of resorcinol with formaldehyde using sodium 
carbonate as a catalyst.23 The synthesis is similar to that of inorganic sol-gel reactions 
where after mixing and heating the precursors, hydrolysis, and then condensation of the 
precursors take place to form a sol first and then a gel23  
In the case of RF polymers addition and condensation reactions Fig. 1.3 shows the 
general mechanism of the base-catalyzed reaction for the preparation of mesoporous 
carbons, where the base sodium carbonate (Na2CO3) is added to adjust the pH of the 
reaction. Alternative bases such as sodium acetate (NaCH3COO) and sodium hydroxide  
(NaOH) can also be used. 16,23 Resorcinol (1,3-dihydroxybenzene C6H4(OH)2) is a phenolic 
trifunctional compound, the addition of formaldehyde can occur in the 2, 4, and/or 6 
postion in the aromatic ring. Varying concentration ratios of different reactants has a 
significant effect on the resulting properties of the gels. The most common stoichiometric 
R:F ratio is 1:2, as using excess formaldehyde can result in a dilution effect increasing the 
particle size near the gelation limit.37  Since the formaldehyde added is a 37wt% solution 
in water, the amount of solvent also has a dilution effect, in the reaction mixture. In the 
literature, the solvent is primarily water, resulting in hydrogels or aquagels, though there 
have been reports of organic solvents such as acetone, methanol, ethanol or isopropanol 




effect on the final RF gel that the higher the reactant densities, results in a more densely 
packed cross-linked RF gel. This tighter packing can cause a decrease in the surface area 
and a decrease in the total pore volume.  
 
 
Figure 1.3 Polymerization mechanism of resorcinol mechanism demonstrating the addition and 




The procedure has sparked a wide range of interest as there is a possibility of 
obtaining a variety of pore structures, that can be fitted to a variety of applications. For this 
reason, there has been a growing interest in how to manipulate this reaction (time, 
temperature, pH and template) to tailor the properties of the final products. All those 
variables have an effect on the final carbon gel and its future application. The synthesis can 
be broken down into three main steps: (i) the preparation of the wet gel including the 
subsequent gelation time, (ii) the drying step, usually under vacuum conditions, and (iii) 
the pyrolysis or carbonization of the dry polymer. 23 
Typical synthesis conditions for the synthesis of RF-carbon gels (catalysts (C), R/F 
and R/C ratios, temperature, time, carbonization temperature) are summarized in Table 1.2, 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































As shown, the catalyst used most commonly is the alkaline catalyst sodium 
carbonate (Na2CO3), the catalyst activates the resorcinol, allowing for the condensation 
reaction to occur an begins monomer growth. Acidic catalyst solutions such as HClO4 or 
HNO3 were also used, but they tend to produce small, smooth fractal aggregates of gel 
particles.  The initial gelation pH has a large effect on the final properties of the RF gels, 
and the reactants tend to precipitate at low solution pHs and polymerization is hindered at 
high pHs. For this reason, typical pH regions for this synthesis is approximately in the 
range of 5.6 to 7.6.37  
Drying the RF gels is an additional way to exert control over the structural and pore 
characteristics of the carbonized material. Subcritical drying, supercritical drying and 
freeze-drying are all methods in which the RF gel can be prepared. Subcritical drying is 
the conventional method in which evaporation of the solvent takes place under atmospheric 
or low pressure conditions. The surface tension of the liquid at the liquid-gas interface can 
lead to a collapse of the pore structure. This results in a dense xerogel polymer, the 
shrinkage is most pronounced for pore sizes >10Å.37 Supercritical drying is used when it 
is desired to achieve the skeleton form of the wet gel. This procedure results in a light 
aerogel polymer, with minimal shrinkage of pore structure retaining a high surface area, 
pore volume and imporved electrochemical capacitance behaviour.37 Although 
supercrictical drying results in a more beneficial material this method requires high 
pressure for solvent exchange when water is used as a solvent. It also requires moderate  or 
high temperature dispersion of the super critical fluid solvent (for instance CO2). Freeze-
drying results in cryogels after removing the solvent. In this method, solvent is frozen and 




in the pores and thus is more benefical to do in small batches.37 These various methods are 
highlighted in Fig. 1.4 which  
Figure 1.4. Phase diagram highlighting various forms of drying methods. Blue arrow indicates freeze-
drying, green arrow represents subcritical drying and the red arrow denotes supercritical drying. 
 
Pyrolysis or carbonization is the final step in converting the organic gels into a 
carbon structure. Carbonization of RF gels is typically carried out in a tube furnace inside 
a quartz tube under a flow of inert gas (i.e. N2, or Ar) with temperatures ranging from 600 
to 2100°C.37 Variations in pyrolysis conditions will affect the characteristics of the product. 
Carbon materials do not show consistent electrical conductive properties until heated about 
750°C, and the pore volume of the RF carbon decreases with temperatures above 800-
900°C. Weight loss of the RF gels is limited until temperaturs are above 750°C, which 
steadily holds at 50% indicating that the structural changes occur with minimal weight 




above 1000°C, contain partial graphitic characteristics. The number of macropores greatly 
decrease at elevated temperatures as a result of pore collapse or shrinkage, and an increase 
in micro and mesopores, ultimately increasing the overall surface area37.  
For this reason, the incorporation of soft-template materials such as 
polyelectrolytes and  surfactants have been intended later on, as a way to partially avoid 
this problem during the carbonization/annealing step. More recently the incorporation of 
SiO2 nanoparticles has also been studied, to produce hierarchical porous carbons. 
 
1.3 Carbon Gels Obtained in the Presence of Template Materials. 
Fig. 1.5 highlights a reaction pathway for a carbon support prepared from a 
resorcinol formaldhyde gel in which a hard template of silica nanoparticles is used. As 
discussed, there are a number of ways in which this synthesis is tailorable for target 
applications. The synthetic properties all have their own unique effect on the resulting 
carbon nanostructure.  
 
 
Figure 1.5. Schematic diagram of carbon support material prepared from carbonization of RF gel with a 
hard silica nanoparticle template. 




















Carbon gels generally contain some form of surfactant or stabilizing material in the 
synthesis of the gel, these materials acting as a soft template are used to produce materials 
with ordered/disordered mesopores. Soft templates can vary, as described in the 
conventional sol-gel synthesis, even the solvent can act as a soft-template leaving behind 
pores in the polymer structure upon drying. More commonly, surfactants or 
polyelectrolytes are used to develop the desired texture in the solid product.50 Surfactants 
like cetrimonium bromide [CTAB] will self-assemble in water into micelle aggregates, 
dependent on temperature, pressure and surfactant concentration once the critical micelle 
concentration is met.51 The polymerization reaction occurs through the micelles forming 
gel clusters, connected through crosslinking reactions, vacant species between the clusters 
is what the RF polymer will fill and grow around. Once the soft template material has been 
incorporated into the RF gel, the material is processed and carbonized along the polymer, 
or eliminated due to the different stability upon heating. The pores in the final carbonized 
material take shape of the negative of the soft template.50  Similarly, polyelectrolytes with 
positive or negative net charge (depending on the charge of the polymer) will interact with 
the polymer sol by electrostatic interaction controlling crosslinking reactions and the 
texture of the final polymer.  
 
Figure 1.6.  Soft-template synthesized carbon, polyelectrolyte or surfactant micelles are used to promote the 




For instance, in the RF polymerization reaction in alkaline media, a cationic 
polyelectrolyte such as polydiallylmethylammonium chloride (PDADMAC), has been 
used as a soft template.52 The positive charge polyelectrolyte adsorb onto the surface of 
negative charge polymer gel particles, given an overall positive charge to the particles, 
preventing aggregation and crosslinking through coloumbic repulsion (Fig. 1.6). Unlike 
surfactants, the concentration of cationic polyelectrolyte can be varied over a wider range 
allowing for more control and tunability of the pore structure.53 When the template polymer 
is pyrolyzed to the mesoporous carbon species at temperatures higher than 600°C under an 
inert atmosphere the soft-template will also decompose and be partially removed (some 
will add to the carbon final product) through gas flow leaving the desired mesoporosity.27   
 
Hard-Template Method 
 The hard-template method is capitalizing on the use of template materials to 
achieve microporous and mesoporous materials as a favorable method for creating 
hierarchal materials. In a way these materials are used much like the age old technique of 
metal casting. The template or “mold” can be rigid or hard porous structure in which the 
liquid precursor will adhere to the surface or fill the void space within the template.50 
Depending on the type of template used, when removed either the material has voids in the 
shape of the mold, or takes a negative shape of the chosen template material. This 






Figure 1.7. Hard-template methods where porous features are formed by either removal of nanoparticles or 
cast template 
 
There are a variety of rigid structures that can be used for hard templating ranging 
from µm to nm. For example filter paper is capable of acting as a hard template material 
as the cellulose network contains a distribution of µm pores. Since there is a wide variety 
of materials that are capable of acting as a template there are three main hard-template 
classifications. Hard-templates can be extended structures, in situ templates and discrete 
particles. Extended structures or macroscopic structures include films, fibres, powders (up 
to the µm range) and monolithic structures. These template materials are generally derived 
from biological materials and are used to create pores on the macroscopic level 
(d>50nm).50 In situ templates can be formed from synthesis precursors, and through the 
processing of the resulting material are turned into templates. These materials can be salts, 
additional carbon materials and ice crystals. The materials prepared through this method 




when looking at the preparation of carbon materials with specific pore characteristics as 
they can allow control over particle dimensions and shape. Monodispersed colloidal 
spheres such as polymer or SiO2 nanoparticle spheres are common template materials as 
they can be tailored to the µm or nm scale.50  
In the preparation of mesoporous carbons from an RF gel, a typical hard-templating 
method for the synthesis involves the addition of silica nanoparticles into the RF reaction 
media, allowing for gelation to occur around these nanoparticles. Solvothermal removal is 
required to dissolve the silica nanoparticles using HF acid wash or alkaline etching.23 There 
has been a large body of work that has focused on the effects of pore size in OMCs on the 
catalytic activity of catalyst materials, Pt/OMC has demonstrated transport limits at high 
current densities where reactants and products must rapidly transport to and from Pt deep 
inside the pores. It has been suggested that Pt may deposit inside the OMC pore with good 
contact, there is a limit with the ability for Nafion to reach the Pt and make it 
inaccessible.25,32 
  
1.4 Metal Oxide Modification  
In addition to the work done by other groups on the development of new carbon 
electrocatalyst supports, such as mesoporous carbons, carbon nanotubes, graphene, etc.,  
there was an increasing interest in the last couple of years,  in doping and modification of 
carbon with metal oxides  to enhance stability of carbon, and the catalytic activity of Pt, 
since it is known that electronic interaction between TiO2 and Pt nanoparticles can result 
in both a greater stability and activity toward critical reactions such as the oxidation of 




deposition of TiO2 has also shown to improve TiO2 loadings and enhance stability after 




Figure 1.8.  TiO2 modified carbon substrate, glucose is used to facilitate the adsorption of the TiO2 acting as “glue” 
under pyrolysis. 
 
TiO2 has been the most widely studied metal oxide due to chemical inertness under 
oxidizing and acidic conditions such as those found in the cathode compartment of fuel 
cells.12 Additionally, it is abundant and used in a wide variety of applications from pigment 
in paints, a component of sunscreen, ointments, toothpaste etc. In 1972, Fujishima and 
Honda discovered water could be split on a TiO2 electrode under ultraviolet light; since 
that moment, the number of electrochemical studies involving TiO2 has boomed.
54 Some 
of those studies were aimed to investigate the catalytic activity of different crystalline 
phases of TiO2 nanoparticles, mainly the anatase phase, achieved from annealing TiO2 
nanoparticles up to 200-750°C, and the rutile phase achieved at prolonged heating above 




under these conditions. The Magnéli phase (TixOx-1, x=4) is the most sought after as it is 
the most conductive phase, it is achieved through a reduction at high temperatures of the 
rutile phase at temperatures well over 1000°C in the presence of carbon.55 In the 
modification of VC and MC, only anatase can be formed under the synthesis conditions 
adopted in this thesis.   
 
1.5 Applications  
The synthesis of nanoscale porous materials has attracted a large amount of 
attention due to the full range of industrial applications in a diverse range of areas. Carbon 
materials have been investigated for applications in catalysis, membranes, biosensors, 
biomedical applications (drug delivery, bioceramics, etc.), sensors,  as well as 
environmental remediation applications.11 The area of catalysis has been of great interest 
especially with the advent of porous carbons coming from organic gels as they offer a 
significant degree of control and tailorability. The area of environmental remediation has 
been a growing area of interest as applications in environmental remediation and water 
treatment has grown, mainly for the adsorption of organic compounds such as dyes, toxic, 
carcinogens and metagenic species. 56  
The environmental remediation applications alongside the industrial applications 
have cross paths as companies are becoming more aware of the damages and effects of 
their processes. For example, there is interest in the recovery of ethylene glycol from 
aircraft de-icing as well as in the automotive industry with automobile coolant,  and the 
adsorption of dye runoff from manufacturing and textile work.56 There has also been 




the agriculture industry34 and the removal of radioactive and contaminated waste in and 
around the areas of nuclear power plants. 57,58  
Direct methanol fuel cells (DMFCs) are a promising system which can lead  the 
migration to alternative fuel system since the use of the existing infrastructure for storage 
and fuel distribution with minor upgrades makes DMFCs an attractive alternative. Though 
one of the main limitations in the case of PEMFCs is that this system is dependent on the 
use of Pt as a catalyst material in both the anode and the cathode compartment. 9,59 For this 
reason, a significant amount of work has been oriented to reduce the high Pt loadings 
required to reduce slow kinetics and to avoid the irreversible adsorption of CO and other 
methanol oxidation intermediate products in the anode that it is known to result in a rapid 
deactivation of the Pt catalyst active sites (Equations 1.1-1.3). 3,4,10,60–64 For the oxidation 
of methanol, nanostructured Pt, as well as Pt-based multimetallic nanoparticles, and a 
combination of Pt with metal oxides have shown promising results 9. However, the 
benchmark bimetallic catalyst for the oxidation of methanol is still PtRu/C (Pt:Ru =1:1), 
and the cost and abundance of Ru are still problematic. 9,10  
 
𝐶𝐻3𝑂𝐻𝑏𝑢𝑙𝑘 + 𝑃𝑡 → 𝑃𝑡 − 𝐶𝑂𝑎𝑑𝑠 + 4𝐻
+ + 4𝑒−   (1.1) 
𝐻2𝑂 + 𝑃𝑡 → 𝑃𝑡 − 𝑂𝐻𝑎𝑑𝑠 + 𝐻
+ + 𝑒−    (1.2) 
 𝑃𝑡 − 𝐶𝑂𝑎𝑑𝑠 + 𝑃𝑡 − 𝑂𝐻𝑎𝑑 → 𝐶𝑂2 + 2𝑃𝑡 + 𝐻







1.6  Thesis Objectives  
A main objective of this thesis was the synthesis and characterization of mesoporous 
carbon by carbonization of polymer gels in the presence of soft- and hard-templates. 
Specific objectives included: 
 The synthesis of resorcinol formaldehyde (RF) polymers, in the presence of a 
soft-template polyelectrolyte (poly-diallyl methylammonium chloride) and a 
SiO2 hard-template (~200 nm diameter) to control the surface area and the 
micro/mesoporous structure of the carbon products (Chapters 2 and 3 ).  
 The characterization of the materials based on their composition, morphology, 
crystal phase, surface are and pore size distribution. (Chapter 3 and 4) 
 The preparation of Pt/carbon catalyst materials to investigate the impact of 
surface area and porosity on the dispersal and distribution of Pt nanoparticles 
(Pt utilization), and the stability of the composite materials under potential 
cycling in acid media (Chapters 2 and 3) 
 The modification of the carbon substrates by deposition of TiO2 films of 
nanoparticles and electrochemical studies aimed to investigate the stability of 
the composite materials as catalyst supports for Pt (Chapters 2 and 4) 









Chapter 2. Materials and Methods  
The following chemicals were purchased from Sigma-Aldrich and used as received: 
resorcinol (99%), formaldehyde (37% in H2O), polydialyldimethylammonium chloride  
(PDADMAC, 20% in H2O, average Mw=100,000–200,000 g mol
-1, Sigma–Aldrich), 
sodium acetate (anhydrous, 99.0%), 200 nm fumed silica, 20nm colloidal silica,  D-(+)-
Glucose, titanium tetraisopropoxide  (TTIP, 97%), 2-propanol (anhydrous, 99.5%), 
sodium borohydride (99%), methanol (HPLC, >99.9%), glycerol (>99%), sodium 
hydroxide (reagent grade, 97%, flakes), hexachloroplatinic acid hydrate (H2PtCl6•H2O) 
(ACS reagent, 37.5% Pt basis) and RuCl3•H2O (ReagentPlus
, 40-49% Ru), and sulfuric 
acid (ACS reagent, 95-98%).  
 
2.1 Synthesis of Mesoporous Carbon  
Mesoporous carbon (MC) supports were prepared by carbonization of a resorcinol-
formaldehyde (RF) resin prepared in a glycerol (G), water (W), a catalyst (NaCH3COO) 
(C), PDADMAC (ST) as a structuring agent and soft-template, and the hard-template 
fumed SiO2 (H). The procedure is based on the synthesis reported by Fuentes-Quezada and 
co-workers49, but following the optimized procedure by Gonzalo Montiel at the Atomic 
Energy Commission of Argentina, under the supervision of Dr. Frederico Viva and Dr. 
Mariano Bruno.7,16 In this approach, the R:F:C:ST:G:H molar ratio in the final mixture was 
fixed at 1:3:0.3:0.3:4.2:2  mixed in 90 g of water. Two solutions (A and B) had to be 
prepared. Solution A was obtained by mixing 2 g resorcinol, 1 g PDADMAC (soft-
template), 45 g H2O and 0.4 g sodium acetate, and Solution B prepared by adding 3.5 g 




sonicated for 30 minutes to ensure proper mixing. Solution A was heated under reflux with 
stirring at 65°C for 10 minutes, and then Solution B was added where the temperature was 
then raised to 90°C. The reflux continued with vigorous stirring for 3 hours, with 1.3 mL 
of formaldehyde added after 20 minutes of heating and 2.8 mL of formaldehyde added 
after 65 minutes of heating. The solution was allowed to cool, suction filtered through p42 
filter paper and dried overnight in a vacuum oven at 80℃ to produce the final resin. The 
solid was ground with an agate mortar and pestle, and carbonized in a tube oven at 950 °C 
for 2 hours in a nitrogen atmosphere. This carbon was then washed for 24 hours with 3 M 
NaOH under reflux to dissolve the SiO2 nanoparticles, followed by a 24 hour soxhlet 
extraction in water to remove any excess of NaOH. The carbon product was washed with 
deionized water until neutral pH by testing the water in the soxhlet holder with the carbon, 
with pH paper in the 6.0-7.7 range. 19  
 For the deposition of TiO2, the carbon substrate was modified by adsorption of 
glucose folllowing a procedure developed by  former student PhD student Christopher 
Odetola.6 Glucose adsorption on the synthesized mesoporous carbon materials was carried 
out in a 3.5wt% solution of glucose in an ethanol/water mixture (80 wt% ethanol) under 
continuous stirring. After washing and drying, the solids were dispersed in a solution of 
isopropanol and the TiO2 for the deposition of TiO2 nanoparticles. The precursor TTIP was 
added based on the amount of carbon being modified to get a TiO2 loading of ~ 40% in the 
final composites to account for the difference in surface area between VC and MC samples. 
The mixture was refluxed under constant stirring for three hours before the addition of  200 
L of a 70:30 v/v isopropanol in water solution acting as a catalyst to the sol-gel reaction. 




ageing, the product was washed with deionized water and dried under vacuum. A 
subsequent heat treatment step at 500 °C in a nitrogen atmosphere for 2 hours was required 
to promote TiO2 crystallization and induce the pyrolysis of glucose.  
 A conventional alkaline impregnation method was used for the synthesis of Pt and 
PtRu nanoparticles using H2PtCl6•6H2O and RuCl3•H2O as metal precursors and NaBH4 
as reducing agent; the catalyst target loading was 20 wt% in all the samples. An excess of 
NaBH4 was added to ensure 100% of the Pt precursor is converted to Pt
0. The carbon 
support was suspended in deionized water and sonicated for 20 minutes before the Pt 
solution was added.  After the solution was neutralized with NaOH to a pH of 7-8 the 
solution was transferred to a silicon oil bath and was heated to 80°C. After 30 min the 
NaBH4 was added slowly minimizing any evolution of gases and left heating for 3 hours. 
This method provides a straightforward, low-cost approach for the reduction of Pt at low 
temperature in an alkaline solution. 5,7,16 The fast kinetics of the borohydride is expected to 
increase the nucleation rate and lower the average particle size of the metal catalyst 
deposited.19 Heating was turned off to the solution and the mixture was left stirring for 12 
hours, after which the solid product was filtered, washed with deionized water and dried in 
a vacuum oven at 80°C overnight.    
Several catalyst support materials were investigated in this thesis, synthesized MC 
and secondary heat treated carbons denoted by MC-(temperature of treatment)-(time). 
These samples with a nominal catalyst loading of 20 wt% are denoted by Pt/MC. 
Additionally, modifications of the carbon supports with TiO2 were completed, and as such 
samples with this modification were denoted TiO2/MC and with Pt or PtRu loadings were 




carbon, Vulcan XC-72C, was used in the thesis and denoted as VC and Pt/VC for samples 
with 20 wt% Pt.  
 
2.2 Methods for Carbon Characterization  
 
 Several characterization techniques were used to understand the differences between 
materials and post-synthesis treatments (hard-template dissolution, washing, and high-
temperature annealing). An important part of the characterization work was aimed to 
understand the electrochemical performance of carbon and hybrid carbon/metal oxide 
materials as catalyst substrate for fuel cell applications, mainly carbon texture, Pt 
utilization, and support durability.  
 
2.2.1 Composition Analysis (TGA and ICP-OES) 
 
The materials composition was determined using thermogravimetric analysis 
(TGA), using an SDT Q600 Simultaneous TGA/DSC from TA Instruments under air at a 
gas flow rate of 50 cm3 min-1 and a heating rate of 10oC min-1 up to 1000°C. Mass loss 
profiles as a function of temperature for samples obtained at different synthetic steps 
(polymer carbonization, hard-template removal, TiO2 deposition, and catalyst deposition) 
were used to evaluate the Pt, PtRu, TiO2 and carbon contents. The catalyst content in the 
Pt/MC, PtRu/MC, Pt/TiO2/MC, and PtRu/TiO2/MC samples was also determined using 
inductively coupled plasma-optical emission spectrometry (ICP-OES). For this 




solution at 100 °C for 2 hours in a DigiPREP Jr system from SCP Science. The digested 
samples were then filtered using the SCP system and diluted in volumetric flasks to be 
within the concentration range of the Pt and PtRu standards of 0.5 ppm to 20 ppm. The 
samples were tested on a Varian Vista MPX ICP-OES system.  
 
2.2.2 Surface Composition Analysis (XPS) 
X-ray photoelectron spectroscopy (XPS) spectra can provide valuable information 
about the surface atomic composition of the carbon catalyst materials including oxygen 
and nitrogen functional groups, TiO2, Pt and Ru surface contents. Measurements were 
performed with a ThermoFisher ESCALAB 250Xi instrument with monochromatic Al K-
alpha radiation used (1486.6 eV) with a spot size of 900 microns. Data acquisition and 
analysis were carried out by Dr. Rana Sodhi at the University of Toronto.  
 
2.2.3 Surface Area Determination  
The specific surface areas of the carbon and modified TiO2/carbon substrates were 
determined by nitrogen adsorption isotherms using a Quantachrome NOVA 1200e system, 
and the corresponding NovaWin Software to analyze the isotherms. Each sample (~ 100 
mg) was degassed under nitrogen flow at 200 °C for a minimum of 6 hours before the 
adsorption/desorption of N2 determination. The void volume in the cell was measured with 
helium before beginning the N2 adsorption measurement. The total surface area was 
determined using the multipoint Brunauer-Emmett-Teller (BET) method in the 0.005-0.30 
P/Po region.






















)         (2.1) 
where n represents the amount of adsorbate adsorbed at relative pressure p/po, p is the 
vapour pressure of adsorbate gas in equilibrium with the surface at 77 K and po is the gas 
saturation pressure, nm is the monolayer capacity of the adsorbent and C a positive constant 
related to the enthalpy of adsorption. 36 Using Eq. 2.1, the slope and intercept  can be used 
to calculate the monolayer capacity 𝑛𝑚
𝑎 , then combined with the cross-sectional area of the 
adsorbate gas N2 (16.2Å
2/molecule), the mass of adsorbent, and the Avogadro’s number, 
the BET surface area can be calculated.  
 Similarly, the desorption isotherm can be used to determine pore size distribution. 
The desorption data were fit to the Barrett-Joyner-Halenda (BJH), Eq. 2.2, a modified 
version of the Kelvin equation. The model describes the condensation of N2 gas into 
cylindrical pores, with R representing the gas constant, T the temperature, Vm the molar 
volume of liquid, γ the surface tension of the fluid, tc the initial thickness of the adsorbed 
















2.2.4 Raman Analysis  
Structural properties of the carbon samples were investigated using both Raman 
spectroscopy and X-ray diffraction. A Renishaw inVia Raman Spectrometer with a 532 nm 
solid state laser source with a 50 mW nominal power was used to measure the relative 
intensities ID/IG and widths of the D and G bands in the spectrum of each carbon adsorbent 
to evaluate the degree of graphitization and order in the carbon samples. The spectra were 
collected from 100 cm-1 to 4000 cm-1 at 0.5% laser power, 15 s exposure time, 10 
accumulations, with a binning setting of 3. The analysis of the spectra was performed using 
Origin Pro 2018 software.  
 
2.2.5 Crystal Structure and Pt Particle Size Determination Using XRD 
The crystal structure of the materials was studied using a Rigaku Ultima IV X-ray 
diffractometer equipped with a graphite monochromator, k-β filter, and a Cu Kα 0.154 nm 
X-ray source was used. X-ray powder diffraction (XRD) experiments were performed at 
2 angles from 10° to 90° with a step size of 1.5°.  
 
2.2.6 Transmission Electron Microscopy  
TEM images can provide valuable images about the surface of the carbon catalyst 
materials including the distribution of, TiO2, Pt and Ru allowing for an estimation of 
particle size. TEM images were collected from Bahia Blanca in Buenos Aires using a JEOL 
TEM model 100CXII at a voltage of 100 kV and 270000x-450000x. Particle size 





2.3 Electrochemical Characterization Studies   
2.3.1 Electrochemical Surface Area (ECSA) 
 
 Electrochemical studies were carried out on inks prepared by dispersing the 
catalyst materials in diluted Nafion solutions and deposited on glassy carbon electrodes. 
Catalyst powders, deionized water, isopropanol and 30 wt% Nafion® solution were 
combined and mixed in an ultrasonic bath for 30 minutes. The ratio of the water and 
isopropanol added to the catalyst ink was varied to obtain the best dispersion and best 
electrochemical area (see Table 2.1). Deionized water was added prior to the addition of 
isopropanol (IPA) to avoid any effervescence effects. Nafion® was added and then the 
ink solution was sonicated for 30 minutes to for a good mixture and dispersion of catalyst 
and Nafion®. Comparison between samples was always done using the same ink 
formulation. 







The ink formulation ensured there will be ~ 0.13 mg cm-2 Pt and ~ 30 wt% Nafion® 
in the deposited ink on the electrode. The glassy carbon (GC) electrodes used to support 
the inks were polished sequentially with alumnina powder (CH Instruments INC.) starting 
with a 1.0 µm polish, then 0.3 µm and finally 0.05 µm dispersed on their own microcloth 
Component Thick Thin 
Active Material (mg) 3.0 2.4 
H2O (mg)  50 320 
Isopropanol (mg) 50 300 




polishing pads. Between each polishing, the electrodes were washed with deionized water 
and sonicated for 2 min. After the 0.5 µm polish and the electrode was cleaned with DI, 
with the surface of the glassy carbon was mirror shiny. 
Electrochemical measurements were carried out in deaerated 0.5 M H2SO4 aqueous 
solutions as the supporting electrolyte. A Hg/HgSO4 reference electrode +0.689V vs the 
normal hydrogen electrode (NHE) was used and the potentials from the experiment were 
corrected. Cyclic voltammogram (CV) measurements for cleaning were performed in a 
potential range between 0 V to 1.2 V vs NHE at a scan rate of 200 mV s-1 for 5 cycles until 
a steady-state CV was achieved. These measurements were performed at room temperature 
using a Gamry Reference 600 potentiostat in a conventional three-electrode cell. The 
electrolyte solutions were purged with argon for 15-20 minutes and the solution was kept 
under an argon atmosphere during the experiment. A typical CV for Pt on carbon support 
in deaerated H2SO4 is shown in Fig. 2.1. The five distinct regions in this CV are: (a) the 
hydrogen adsorption region, (b) the hydrogen desorption region, (c) the double-layer 
region, (d) Pt oxidation region where the surface is oxidized to PtOH and then PrOx and 
(e) PtO reduction to Pt. 65 In terms of the ECSA determination, the hydrogen adsorption  
(a) and (b) hydrogen desorption/adsorption region,  these regions are the most relevant; 
since the charge area associated to H desorption (blue region in Fig. 2.1) can be used to 
calculate the ECSA of Pt using Eq. 2.3. To calculate the ECSA, it was assumed a specific 
charge of 210 C/cm2 for the desorption of a monolayer of H on polycrystalline Pt 17,65 and 











     (2.3) 
 
Region (c) is the double layer capacitance region used as baseline when estimating the 
charge for the desorption of hydrogen used in Eq. 2.3; regions (d) and (e) correspond to 
Pt oxidation and reduction of PtOx, respectively.  
 
















2.3.2  Carbon Corrosion and Stability Studies 
One of the main issues with fuel cells is the poor operation durability due to carbon 
corrosion and platinum dissolution. Regardless of the initial activity, all catalysts are 
subject to activity loss under high positive potentials and acidic conditions.66 For this 
reason, extended cycling ageing protocols have been developed to evaluate the durability 
of catalyst materials and carbon supports3,14. In this thesis, the catalyst stability was 
investigated using a protocol that involved cycling the potential for 4000 cycles from 0.0 
V to 1.4 V vs NHE at a sweep rate of 50 mVs-1 in a dearated solution of 0.5M H2SO4 and 
using the ECSA as an indication of catalyst degradation.  
 
2.3.3 Methanol Oxidation Reaction. 
 
The methanol oxidation reaction (MOR) is the primary reaction in the anode 
compartment of DMFCs. Cyclic voltammetry was used to investigate the catalytic 
activity of the prepared catalysts toward the oxidation of liquid fuels, using the MOR as 
reference. This was assessed in  deareated 0.5 M methanol in 0.5M H2SO4 as supporting 
electrolyte, the upper potential limit was set at 0.56V (vs NHE) to avoid any possible 
catalyst degradation.  A typical CV for PtRu is shown in Fig.2.2 where the forward 
direction corresponds to the oxidation of methanol, this potential will vary with the nature 
of the working electrode and a lower potential will indicate catalytic  
enhancement. The second peak between 0.6V and 0.3V, Ib is due to the oxidation of 






















Chapter 3. From Polymer Gels to Mesoporous Carbons and Their Applications  
As described in Chapter 2, mesoporous carbon materials obtained by carbonization of 
resorcinol-formaldehyde gels were synthesized in the presence of both, hard- and soft-
templates. The materials were used as support for both metals (Pt and PtRu) and TiO2 
catalyst nanoparticles. The syntheses were carried out using a method introduced by a 
visiting PhD student from Argentina, Gonzalo Montiel, in the framework of a collaboration 
with Dr. Federico Viva and Dr. Mariano Bruno. Gonzalo Montiel, who was also interested 
in these materials for applications in energy storage and conversion devices, is studying 
the oxygen reduction reaction, also a problematic reaction in PEMFCs. Many variations of 
this original synthetic approach were intended as part of this thesis in collaboration with 
Muna Abdulaziz (Honours Thesis project) to understand the role of glycerol and 
PDADMAC, as well as other parameters on the properties of the final products. 
 
3.1 Carbon Combustion and Residual Hard-Template Quantification  
After carbonization of the RF product, the removal of the template materials used to tailor 
the pore size and surface area of carbon was a crucial step in the preparation of the carbon 
materials. The removal is important since the template can block pores and reduce the 
carbon surface area if it is not properly removed because there is also a potential risk of 
carbon pore collapsing upon dissolution, it is important to perform the dissolution, 
washing, and carbonization steps under highly reproducible conditions. TGA was used to 
quantify the residual SiO2 content on the carbon products.  Fig. 3.1 shows typical mass loss 
profiles as a function of temperature for different mesoporous carbon samples before (MC-




Vulcan XC-72R (VC), the selected benchmark material in this thesis for the 
electrochemical studies.  
 
Figure 3.1 Thermogram of mesoporous carbon material with SiO2, without SiO2 in comparison with VC. 
(5-10mg of sample heated at a rate of 10°C min-1 under an air atmosphere, gas rate of 50 mL min-1 from 
30°C to 1000°C) 
 
In good agreement with previous studies, the thermogram for VC (black curve) 
shows a sharp mass loss from in the 600°C to 700°C temperature range due to carbon 
combustion, very different than the combustion profile for the mesoporous carbon samples 
(blue and red curves). For the carbon sample after removal of the SiO2 hard-template, MC 
(red line), the combustion profile shows three primary mass losses: (i) vaporization of 
water (moisture) at t ≤ 100°C; (ii) elimination of residual organic species or labile 
functional groups on carbon introduced as a result of the synthesis and alkaline treatment 


























used for dissolving the hard-template between 300 and 500°C; and (iii) a sharp mass loss 
around 550°C due to combustion of carbon. Notably, the combustion temperature is 
significantly lower than that for VC, this could be taken as an indication of a more 
amorphous material. At temperatures greater than 600°C, the residual mass can only be 
due to residual SiO2 that in this work was always lower than 3 wt% in most of the samples 
analyzed. It is worth noting that subsequent washing could significantly reduce the silica 
content to very low values (Muna Abdulaziz’s Honours Thesis work). This finding is 
important because the dissolution of silica in subsequent treatments (deposition of Pt, PtRu 
or TiO2) can introduce errors in the evaluation of the metal and metal oxide content using 
TGA.  The combustion of carbon in the sample with silica (blue line in Fig.3.1) takes place 
at a lower temperature (~500°C) and the hard template residual mass was always close to 
the nominal value ~ 50 wt%. The difference between the combustion temperature of VC 
with those observed for MC-SiO2 and MC is an indication that the products are more 
susceptible to oxidation than VC, and the behaviour is not only due to the relatively harsh 
NaOH treatment, but the structure of carbon. As it will be discussed later in Section 3.6, 
there is a good correlation between these TGA results and the stability of these materials 
under oxidizing conditions in acid media. 
Fig. 3.2 illustrates the differences in combustion patterns observed on samples that 
were exposed to subsequent heat treatments at 1000°C and 1500°C under nitrogen. As 
expected, there is a significant difference in the combustion onset temperature between 
samples. For MC it was found to be 500°C, for MC 1000°C 2hr was 575°C and for MC 




groups, and leads to more graphitic characteristics, despite the presence of defects is known 




Figure 3.2. Combustion profiles of pure VC and MC that underwent different heat treatments. (5-10mg of 
sample heated at a rate of 10°C min-1 under an air atmosphere, gas rate of 50 mL min-1 from 30°C to 
1000°C)  
 
 It is worth noting that the sample annealed at 1500°C has an onset combustion 
temperature close to that found for VC. In good agreement with the Raman spectra in the 
following section.  























 MC 1000oC 2hr.





3.2 Surface Characterization Using Raman Spectroscopy 
Typical Raman spectra for VC and MC are illustrated in Fig. 3.3. As shown, both 
spectra are characterized by the presence of the D and G bands of carbon at ~ 1360 cm-1 
and ~1600 cm-1, respectively. The ID/IG ratio is a useful measure for the degree of 
graphitization, where ID is the integral intensity of the D band due to the defective or the 
amorphous portions of the carbon, and IG is the integral intensity of the G band that 
correlates to the graphitic components.68 The lower the ID/IG ratio, the higher the content 
of sp2 hybridized carbon correlating to a more graphitic structure, and less sp3 hybridized 
carbon correlating to a more amorphous structure.68,69 
 
 


























After heat treatments at 1000°C and 1500°C (Fig.3.4), graphitization takes place, 
and the ID/IG ratio decreases from 1.6 (MC) to 0.9 and 1.2 for  MC-1000-2h HT and MC-
1500-2h HT, respectively. The higher the ID/IG ratio value or closer to 2, the more sp
3 
hybridized carbon correlating to a more amorphous structure.68,69 However, the ID/IG ratio 
slightly increases for the sample treated at 1500°C when compared with the sample 
exposed to a secondary heat treatment at 1000°C. This increase could be due to the 
development of smaller crystalline domains and intercrystalline defects with more 
amorphous edges that become more predominant as temperature increases or the annealing 
time is longer, but the overall curve profile indicates a more crystalline materials with 
narrow peaks and less noise. 25,70  
 Figure 3.4. Raman spectra of heat treated samples at 1000°C, 1500°C and a MC sample for comparison. 
(532nm solid state laser source with 50mW nominal power). 
D  G 




The ID/IG ratio can also be used to estimate the in-plane crystallite size (La) of 









      (3.1) 
  
The estimated ID/IG ratios are summarized in Table 3.1. Since the ID/IG ratio shows 
a strong dependence on the excitation laser energy, within the approximations in Eq. 3.1,  
the laser wavelength (l) is assumed to be within the visible range from 1.92 eV (647 nm) 
to 2.71 eV (457.9 nm).  
 
Table 3.1. ID/IG ratios obtained from the Raman spectra of VC, 1000°C, 1500°C and MC samples. The 
crystallite sizes calculated using Eq. 3.1 and the spectra in Fig3.4. 
Carbon ID/IG  La (nm) 
Vulcan Carbon 1.7 12 
Mesoporous Carbon 1.6 11 
1000°C 2hr HT 0.9 21 








3.3 Carbon Surface Area Determination  
The specific surface area and pore size distribution of the synthesized carbon 
products after hard-template dissolution, and high temperature annealing, were determined 
by the Brunauer-Emmett-Teller (BET) equation. Typical N2 adsorption-desorption 
isotherms of the carbonized materials are presented in Fig. 3.5 (a-c), where the red line 
highlights the adsorption of N2 gas on the carbon surface and the blue line represents the 
desorption process. The hysteresis between the adsorption and desorption curves is the 
result of the mesopore structure of the material (type IV isotherm IUPAC classification). 
The pore size distribution was also investigated using the BJH model because it more 
closely describes the porosity of these materials (Fig.3.5 d). For the original mesoporous 
sample (denoted MC), the BET surface area was 864 m2/g, approximately 3.5 times higher 
than that for Vulcan XC-72 carbon (240 m2/g) that it was close to the value reported in 
other studies.31  The BET surface area of the sample that underwent a 2 hours heat treatment 
at 1000°C had a surface area of 1005 m2 g-1. Despite this it is expected that with the 
secondary annealing there is a degree of pore collapse (microporous), and consequently a 
reduction in the surface area. However, the texture of the samples, the combination of 
micro/meso/and macroporosity, is surely responsible for this result, as there is a significant 























Figure 3.5. BET surface area for VC (a), MC (b), MC 1000°C 2hr (c) and (d) BJH pore size distribution 
plots for the MC and VC. 
 
There are also substantial differences in porosity between samples as it can be 
concluded from the N2 adsorption curves. The contribution of mesoporous in VC is low 
compared with the MC samples (before or after a secondary heat treatment). The 







































































































micropores content that is known will be important in the case of VC,  with a pore size less 
than 2 nm, cannot be measured with the instrument used for this determination.25 The BJH 
plot (Fig. 3.5 d) for the MC sample shows a significant contribution of  mesoporous with 
pore width between 2 and 6 nm, and a broad distribution of  large mesopores, 12 nm to 40 
nm in diamter, that are surely associated to the use of a hard-template. The results are 
summarized in Table 3.2. 
 
Table 3.2. Summary of surface area, pore volume and pore size from N2 adsorption. 








VC 240  3 0.2 
MC 864 6 0.9 
MC 1000°C 2hr 1005 11 1.4 
 
After the second heat treatment, 2 hours at 1000 oC, there is a substantial change in 
the MC sample texture, and the  BJH plot (Fig. 3.5 d) shows a broad distribution of 
mesopores with width sizes between 6 nm and 20 nm.  These changes can explain the 
observed differences in the surface area observed for this sample and summarized in Table 
3.2, along with data for the other carbon materials.  Similar behaviour has been observed 
on other synthetic carbons, and the formation of micropores was assigned to the elimination 




The results are promising since the presence of large mesopores should contribute 
to improve mass transfer through the catalyst support. This aspect will be revisited when 
analyzing the electrochemical results in Section 3.7. 
 
3.4 X-Ray Photoelectron Spectroscopy 
Since the presence of functional groups on carbon can play a significant role on the 
material surface chemistry and electrochemical properties, XPS analysis was used to gather 
information about the surface atomic composition of the carbon materials. The analysis of 
the spectra was carried out by Dr. Rana Sodhi at the University of Toronto. Relevant XPS 
results are summarized in this section, but the full breakdown of the XPS data are included 
in Appendix A1. Table 3.3 summarizes the survey scan results for C1s and O1s, binding 
energies and  atom% contents. Graphitic carbon is typically in the 284.2 to 284.9 eV range 
67,72, as observed in the survey scans of the carbon supports synthesized in this study. The 
O1s content is indicative of the amount of surface functional groups, despite there is an 
increase of ~ 3 atom% in oxygen content after a secondary 1000°C heat treatment, the 
variance is surely due to differences between syntheses. For this reason, the comparison 
between MC (1000°C) and MC (1500°C) is better since both samples correspond to the 
same carbon source. As shown in Table 3.3, there is a significant decrease in oxygen 
content when the annealing temperature is increased from 1000°C to 1500°C, reaching 










MC (1000oC 2hr)# 
atom % 




C1s 93.1 89.9 95.9 94.4 
 (284.6 eV) (284.6 eV) (284.6 eV) (284.2 eV) 
O1s 6.9 10.1 4.1 5.6 
 (532.8 eV) (532.8 eV) (532.8 eV) (532.4 eV) 
# Same carbon source 
 
The deconvolution of the carbon peak allowed the identification of the surface 
functional groups and this is summarized in Table 3.4. Note that only major species were 















Table 3.4. Functional groups and the corresponding atomic % contents for each carbon support sample, the 














































a Binding energies for: C-C (284.5 eV), C-O (286.1 eV), C=O (287.5 eV) and 










3.5 Electrochemical performance analysis of carbon gels as Pt catalyst support  
3.5.1 Pt Deposition, Quantification, and Characterization Studies. 
To evaluate the performance of the carbon gels obtained with the dual, soft- and 
hard-template approach, Pt nanoparticles were deposited on the carbon samples using 
H2PtCl6 as source of Pt and NaBH4 as reducing agent, a detailed description of the method 
can be found in Section 2.1.  The Pt content in the samples was determined using ICP-
OES, using ~ 100 mg of sample that was digested in 20 mL aqua regia solution at 100 °C 
for 2 hours in a DigiPREP Jr system from SCP Science. The digested samples were then 
filtered using the SCP system and diluted in volumetric flasks to be within the 
concentration range of the Pt standards (0.5ppm to 20ppm). The samples were tested on a 
Varian Vista MPX ICP-OES system. The studies showed that the method results in Pt 
contents similar to those obtained by TGA (after assuming SiO2 is fully removed from 
carbon in the Pt deposition and washing step). Table 3.5 summarizes typical values 













Table 3.5. Composition of Pt/MC, PtRu/MC, Pt/TiO2/MC, and PtRu/TiO2/MC as determined by using 
TGA and ICP-OES. 
Sample 
TGA (wt %) ICP-OES (wt %) 
Si C Pt Pt 
MC 
3±2  97±2 ---- ---- 
Pt / MC 
-- 82  18±4# 21±3 
# assuming residual SiO2 is dissolved in the Pt deposition/wshing steps 
 
The larger amount of sample used in the ICP-OES determination and the fact that it is 
independent on the amount of SiO2 in the samples made this method more appropriate for 
analyzing this samples.  
XPS analysis of the Pt deposited on the catalysts supports is useful in that helps 
determine the oxidation state of the Pt. This is a good measure of the surface interaction of 
the Pt deposition on the different supports, MC, MC(1000°C 2hr), MC(1500°C 2hr) and 





Figure 3.6. Deconvolution of XPS spectra of Pt peaks on the Pt/MC samples. 
 
 As seen in Fig. 3.6, the Pt4f core level region was curve fitted to the three sets of 
spin orbital doublets. This deconvolution can be used to identify the oxidation states of Pt, 
such as Pt0, Pt2+(PtO) and Pt4+(PtO2) at 71.4, 72.7 and 75.1eV, and 74.8, 76.1 and 78.4 eV 
respectively.47 The contributions of these peaks in their respective samples are highlighted 
in Table 3.6. For most catalysts Pt0 was found to be the most predominant species on the 
surface, which is important as this is the oxidation state desired for electrochemical 
applications.47,68 Contributions of the Pt2+ and Pt4+ in the heat treated samples, this finding 





Table 3.6. Summary of XPS analysis results for Pt on different carbon supports.  
 
 
3.6 Crystal Structure & Pt particle Size Determination Using XRD 
The crystal structure of the materials was studied using a Rigaku Ultima IV X-ray 
diffractometer. The XRD diffractograms of the samples are shown in Fig.3.7  where the 
sharp diffraction peaks at 2θ angles 39.7°, 46.2°, 67.5° and 81.4°  are due to face-centered 
cubic (fcc)  crystalline Pt, which have been assigned to the planes (111), (200), (220), 
























C1s 284.4 91.09 284.5 87.27 284.5 84.94 284.1 89.58 
O1s 532.1 7.22 532.1 9.45 532.4 13.52 532.0 9.06 
Pt4f 71.8 1.68 71.3 3.28 71.3 0.77 70.5 1.09 
Pt surface composition analysis 
Pt4f7 
(Pt0) 
70.9 91.90 71.3 62.54 71.2 63.81 70.7 35.80 
Pt4f7A 
(Pt II) 
73.0 4.41 72.3 21.52 72.2 20.92 71.5 34.10 
Pt4f7B 
Pt(IV) 




 Figure 3.7. Powder XRD of Pt nanoparticles on the MC and TiO2 supports (using a Cu Kα 
excitation source with a wavelength of 0.154nm). 
 
The Scherrer’s formula (Eq.3.2) was used to estimate the average particle size of 





                   (3.2) 
 
where  λ=0.154 nm  is the wavelength of the Cu K excitation source, K is the Scherrer 
constant (0.94), and B(2θ) is equal to the full width at half maximum of the peak from the 
spectra in radians.74   
 






















The average Pt particle size values obtained for Pt/MC and Pt/MC (1000oC 2hr) 
were 6.9 nm and 5.7 nm, respectively. This indicates that there was a better dispersion of 
Pt on the substrate heat treated at 1000°C for an additional 2 hours.  
 
3.7 Electrochemical Surface Area and Pt Utilization on Carbon Gels 
 Fig.3.8 shows the cyclic voltammograms for Pt/MC and Pt/VC in deaerated 0.5 M 
H2SO4 at a scan rate of 50 mV s
-1. The figure clearly shows the main features of the Pt CV 
as  shown in Chapter 2. The hydrogen adsorption/desorptrion peaks on Pt at low potentials 
(0.05 V - 0.4 V) the double layer regions  (0.4 V - 0.6 V), the quinone/hydroquinone surface 
redox reaction (0.55 V - 0.6 V), and the Pt oxidation and reduction reactions at high 
potentials. The electrochemical surface area (ECSA) calculated using Eq. 2.3 after 
integration of the hydrogen desorption peaks and correction by double layer capacitance 
for the Pt/MC samples were found to be in the order of ~ 30 m2 gPt
-1 close to the value 
obtained for VC, 35.9 m2 g-1, which is within the range of values reported in the literature 
for VC.17  To confirm the results, and check the reproducibility of the experimental 
approach, the synthesis was re-done several times. Inks were prepared to determine the 
ECSA of Pt, obtaining an average value equal to 24.3 ± 7.1 m2 g-1 (Table 3.7) in good 
agreement with the original results and the error observed for Pt/VC, 30.0 ± 8.0 m2 g-1.  It 
is worth noting that these ECSA values were calculated using the Pt content obtained using 






Figure 3.8. CV of Pt/MC and Pt/VC carbon supports carried out in Ar saturated 0.5M H2SO4 at 25°C at a 
scan rate of 50mVs- 
 
The specific surface area, S can be estimated (Eq. 3.3) using the particle diameters from 
the Scherrer equation.  





) ∙ 𝑑 (𝑛𝑚)
           (3.3) 
where ρPt = 21.4 g cm
-3, d(nm) is the particle diameter obtained from XRD data 
(Eq. 3.2). As shown in Table 3.7, the specific surface area of the samples were significantly 
higher than the ECSA, indicating that Pt utilization was only 60%. Despite the values are 
not necessarily comparable, there results could be indicating poor contact between Pt/MC 




were intended by applying a second heat treatment step (1000°C or 1500°C), in an attempt 
of improving Pt utilization by inducing graphitization and the electrical conductivity of the 
material, as well as the removal of potential pore blocking impurities in small micropores77. 
Typical CVs for these samples are summarized in Fig. 3.8.  
 
Figure 3.9. CV of carbon supports that underwent a secondary heat treatment prior to Pt modification carried 
out in Ar saturated 0.5M H2SO4 at 25°C at a scan rate of 50mVs- 
 
 It is worth noting that to change the wetting properties of the sample that annealed 
at 1500oC, an acid treatment activation step was required. As a result of that, the 




samples.  Against the expectation, the electrochemical surface areas for these two samples,  
12.2m2 g-1 and 16.0 m2 g-1 for Pt/MC (1000oC 2hr) and Pt/MC (1500oC 2hr), respectively, 
were significantly lower than in samples obtained following the most standard approach of 
a single heat treatment. Due to time constrains and the amount of sample required for the 
ICP-OES determination, the amount of Pt in these samples (15% and 11% for 
Pt/MC1000°C-2h HT and Pt/MC1500°C-2h HT, respectively) was determined by TGA.  
 Table 3.7 summarizes the beginning of life, BOL-ECSA for the catalyst materials, 
along with the particle sizes and specific surface area estimated from XRD data, and Pt 
utilization.60 As shown, Pt utilization was estimated to be 60% and 22% for Pt/MC and 
Pt/MC(1000°C), respectively. The values are lower than expected and it could be due to 
the presence of a larger content of micropores in the sample annealed at 1000°C as 
concluded after analyzing the BET and BJH data for these samples (Table 3.2), as well as 
indicating poor access of Nafion. 
 
Table 3.7. ECSA comparison for Pt deposited onto different carbon support from the same method.    
 
Though this is not the first study involving carbon gels by carbonization of RF gels, 




dXRD (nm) SXRD (m2/g) Pt Utilization (%) 
Pt/Vulcan 30.0 ± 8.0 6.3 140.2 24 
Pt/MC 24.3 ± 7.1 6.9 40.6 60 
Pt/MC (1000°C) 12.2 ± 2.4 5.7 49.2 22 




Due to the good dispersal of Pt on the MC support (XRD spectra), and the ECSA reported 
in a previous study for other RF carbons (50 and 120 m2 gPt
-1) obtained using a similar 
synthetic approach, with PDADMAC or SiO2 as soft- or hard-template, respectively
78,79. 
With the aims of improving the Pt utilization, two different ink formulations were 
investigated all targeting the same Nafion to catalyst ratio, but different water and 
isopropanol contents. It was expected that the amount of water and isopropanol would 
impact the film formation and Nafion penetration in the carbon porous structure, though in 
these studies it was found that thicker inks (lower solvent content) gave slightly higher 
ECSA.  
 
3.8 Comparison with Other Studies 
In the last two decades, there were numerous studies on RF carbon gels for application 
in lithium batteries 80, supercapacitors 30, and environmental remediation 42. However, the 
number of publications aimed to describe the performance of RF carbons as catalyst 
support for PEMFCs and DMFCs application is significantly smaller.  Bruno et al. 7 used 
a similar RF carbon gel precursor but with only PDADMAC as structuring agent or soft-
template. The surface area of the final carbon product was 600 m2 g-1, smaller than the 
values reported in Table 3.2 for carbons involving a dual (soft-hard) template, but 
significantly higher Pt ECSA, 66 m2 g-1.  Similarly, Liu and Creager 81 prepared carbon gel 
from a resorcinol-formaldehyde gel without a soft- or hard-template, but water in the 
aqueous gel was replaced by acetone, and dried under ambient conditions. In this case, the 
BET surface area was smaller, 462 m2 g-1, but the ECSA, 67 m2 gPt
-1, in good agreement 




high ECSA values, 115 m2 gPt
-1, for RF aerogels (CO2 supercritical drying) that had been 
oxidized. The initial carbon prepared through a three day gelation period at 80°C in a sealed 
quartz tube was followed by pyrolysis at 1050°C, and an ECSA of 43 m2 gPt
-1 was obtained.                                                                                              
It is clear from these results that the dual template method does not seem to operate 
as it was originally planned. The synthetic approach in this thesis was successful in the 
development of large surface area mesoporous materials, but the presence of small pores, 
and perhaps the combustion products in the porous resulted in a very low Pt utilization. 
Perhaps more disappointed was to find that materials annealed at 1000°C were not stable 
when exposed to oxidizing and acidic media conditions and it was required to reach very 
high temperatures for improving their performance (Section 3.9). It was difficult to predict 
this behaviour since stability studies were not included in many of the previous studies on 
these substrates. 
  
3.9 Electrochemical Stability of Catalyst Materials   
To evaluate if it would be of any value to keep studying or move onto alternative 
substrates as thus far the determined ECSA was less than desirable, it was beneficial to 
study the stability of these materials. In the ambition that the MC materials would be a 
viable alternative to commercial supports, despite a lower overall ECSA it was worth 
investigating whether or no the MC supports would have enhanced stability.  
The stability of these materials was measured by cycling the potential from 1.0V-
1.4V under argon flow in 0.5M H2SO4, using a pre-established protocol for electrochemical 
testing of fuel cell materials.17,83 The ECSA was calculated and compared at every 100 




important because one of the main issues in this area is the poor operation durability, due 
to carbon corrosion and platinum dissolution under high oxidation potential. The changes 
observed in the CVs for Pt/VC the benchmark material, and the three MC samples (Pt/MC, 
Pt/MC-1000oC-2hHT, and Pt/MC-1500oC-2hHT) are shown in Figs. 3.8 a-d.  The change 
in the ECSA as a function of the number of cycles for the four catalyst materials is 
summarized in Table 3.8.  
 
Table 3.8. Normalized stability test results for Pt/VC,  Pt/MC, Pt/MC(1000°C 2hr), and 
Pt/MC(1500°C 2hr) as a function of potential cycling between 0 V and 1. 4V vs NHE in 
deaerated 0.5 M H2SO4.  
Cycle 
Normalized ECSA% 
Pt/VC Pt/MC Pt/MC (1000°C 2hr) Pt/MC (1500°C 2hr) 
BOL 100.0 100.0 100.0 100.0 
100 77.0 67.7 84.2 72.1 
500 41.3 16.9 23.9 55.6 















Figure 3.10. Stability studies for: (a) Pt/VC, (b) Pt/MC, (c) Pt/MC(1000°C 2hr) and (d) Pt/MC(1500°C 







Figure 3.11. Bar graph depicting the normalized ECSA of Pt/VC, Pt/MC, Pt/MC(1000°C 2hr), 
and Pt/MC(1500°C 2hr), after a fixed number of cycles (cycling between 0V and 1.4V vs NHE in 
deaerated 0.5 M H2SO4) 
 
As shown, (Fig. 3.11) Pt/VC degrades under the conditions of the experiment as 
reported in previous studies, due to both carbon corrosion and Pt dissolution.12,14 However, 
this catalyst is significantly more stable than any of the carbon gels studied in this work 
with the exception iof the material annealed at 1500°C, which shows a significant 





3.10 Conclusions for This Chapter 
The synthesis of the carbon support from the pyrolysis of the RF gel, led to a 
mesoporous carbon with graphitic structure and large surface area. Subsequent heat 
treatments at 1000°C and 1500°C further improved the graphitic nature and increased the 
surface area while lowering the oxygen content, in the case of the sample heat treated at 
1500°C.   
The ECSAs are low when compared with other studies, it could be due to a 
combination of factors, the use of glycerol, the soft template content, the heat treatment 
conditions as well as the texture of the materials. The best results were obtained for MC, 
for which Pt utilization is close to 60%, but the stability of this sample under oxidizing and 
acidic conditions was shown to be poor.  
For carbon solids treated at 1500°C, Pt utilization is low, but the chemical stability is 
higher than that for the benchmark material (Pt/VC). The results are highly promising, 
since Pt utilization can be improved through optimizing synthesis and post-treatment steps.   
Future studies will focus on removing the hard template before a secondary annealing 
instead of before, since pore structure will be affected by the heat treatment happening 








Chapter 4. Preparation of Hybrid TiO2/Carbon Supports 
As described in Chapter 3, mesoporous carbon materials were prepared by 
carbonization of R-F gels synthesized in the presence of both hard- and soft-templates. As 
discussed in the introduction, the deposition of TiO2 on carbon can improve both Pt 
utilization and enhance the catalytic activity of Pt and PtRu toward the oxidation of 
methanol.7,8 Taking advantage of the large surface area and open structure of the MC 
products, the deposition of TiO2 was attempted as part of these substrates. Materials were 
prepared following the procedure described in Chapter 2 and characterized with the 
techniques used for the carbon materials (TGA, ICP-OES, XPS, XRD, and TEM). To avoid 
repetition, only the main results will be discussed in the following sections.  
 
4.1. Composition Analysis 
The metal oxide content on the materials was studied with TGA, as well as the Pt 
and PtRu contents. XPS and ICP-OES were also used for quantification of Pt and PtRu.  
Fig. 4.1 illustrates typical TGA for the samples before and after the catalyst and metal oxide 
deposition.  By assuming a SiO2 residual mass of ~ 3 wt%, and using this value to calculate 
the TiO2, loadings, values close to the target, 20 wt% (± 5 wt%) value, were generally 
obtained. The differences between loadings were probably due to SiO2 dissolution between 








Figure 4.1. TGA of mesoporous carbon materials, with corresponding residual masses. (5-10mg of sample 
heated at a rate of 10°C min-1 under an air atmosphere, gas rate of 50 mL min-1 from 30°C to 1000°C) 
 
The Pt and PtRu contents on the MC/TiO2 as in the case of MC were determined by 
ICP-OES. The Pt content was close to 18 wt% in several runs, and close to the 20 wt% 
target value based on the amount of H2PtCl6 used in the synthesis. However, the PtRu 
content, 16 wt%, was significantly lower than the 20 wt% target value.  The difference 
might be due to the fact that Ru can form volatile species with chloride, and some Ru could 
be lost during the digestion of the samples with aqua regia, which is required to dissolve 
the catalyst. To avoid artificially increasing the ECSA values, a nominal 20 wt% loading 
was used for both Pt and PtRu in the analysis, despite this it is not optimal and a similar 
approach can be found in other studies. 
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4.2. Crystal Structure  
Raman spectra were also acquired to be compared with MC (Fig. 4.2). The spectra 
were dominated by the D (~ 1360 cm-1) and G (~1600 cm-1) bands of carbon; there is no 
shift or major changes in the carbon bands with the addition of TiO2..
19 Pure anatase TiO2 
should show peaks at 148, 409, 515 and 633 cm-1,17 but in a carbon matrix these peaks 
are difficult to differentiate. XRD is a better technique to establish the crystalline phase 
for TiO2, and as discussed in Chapter 3, it can also provide valuable information about Pt 
(crystal structure and particle size).  
 
Figure 4.2. Raman spectra of MC, and TiO2/MC with a 532nm solid state laser source with 50mW nominal 
power. 
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4.3. XRD Analysis of TiO2 Modified Supports With & Without Pt and PtRu 
Fig. 4.3 shows the XRD spectra of the TiO2 modified MC in comparison with a 
commercial anatase TiO2 sample, as well as unmodified MC. In the carbon-supported 
samples there is a strong 2θ signal at 25° assigned to the (001) crystalline plane of carbon. 
Carbon supports were modified with glucose for the deposition of TiO2, therefore 
carbonized glucose can also contribute to the broad peaks at 20.2 and 22.1° which correlate 
to the (110) and (200) crystalline planes of carbon, respectively 84. The (101) most intense 
TiO2 peak at 25.4° is clearly observed in the TiO2/MC sample along with other less intense 
bands. 17  
 
Figure 4.3. XRD spectra of MC, TiO2/MC and anatase TiO2, using a Cu Kα excitation source with a 
wavelength of 0.154nm. 
 


















For the platinized samples in Fig. 4.4, there are sharp diffraction peaks at 2θ angles 
39.7, 46.2, 67.5 and 81.4 due to face-centered cubic (fcc) crystalline Pt, which have been 
assigned to the planes (111), (200), (220), (311), and (222) for supported Pt fcc 
nanoparticles.73 As shown, there are no appreciable difference between samples with and 
without TiO2, only the TiO2 anatase characteristic peak at 25.4°. As in the case of Pt/MC, 
the average Pt particle size values were estimated using the Scherrer’s equation. The 
particles were found to be 5.9 nm for Pt/TiO2/MC, smaller than that obtained for Pt/MC 
(6.9 nm). The results are in very good agreement with other studies where it has been found 
the presence of TiO2  on carbon improves Pt dispersion and formation of smaller Pt 














Figure 4.4. XRD of Pt and PtRu nanoparticles deposited on MC and TiO2/MC, using a Cu Kα excitation 
source with a wavelength of 0.154nm. 



































4.4. Surface Area Determination  
Typical N2 adsorption-desorption isotherms of the carbonized materials are presented 
in Fig. 4.5. The hysteresis between the adsorption and desorption curves is still observable 
in samples with TiO2;  an indication that the mesopore structure of the material or the TiO2 
layer on carbon has mesopores.  
 
 
Figure 4.5. BET (top) and BJH (bottom) plots for TiO2/MC in comparison with MC samples. 























The surface area of the TiO2/MC sample is 359 m
2/g, a ~ 60 % reduction in 
surface area  when compared to the MC substrate (~ 860 m2/g). The reduction is not 
surprising since the TiO2 modification is expected to block smaller pores, which 
contribute to the large surface area of MC. However, the surface area of TiO2/MC is 
higher than that for pristine VC (240 m2/g), and other TiO2/carbon in the other studies. 
The pore size distribution of TiO2/MC and MC are also compared in Fig. 4.5. As shown, 
there is not a significant difference in the pore distribution profiles between samples, but 
the deposition of TiO2 results in a materials with smaller pores. 
6  
 
4.5. Surface Composition Based on XPS of TiO2 Modified Carbon Supports 
 XPS studies were also performed on the TiO2 modified carbon supports to evaluate 
the potential formation of Ti-C bonds on the surface, and investigated electronics effects 
on Pt due to the presence of the metal oxide. The atom% content and binding energies (BE) 
for carbon, oxygen, titanium, and platinum in MC and MC/TiO2 samples are summarized 
in Table 4.1.  Based on these results, there is no indication of formation of Ti-C bonds, and 
the increase in the oxygen content correlates well with the TiO2 content. The O1s spectra 
(Fig. 4.6) has two main components attributed to the Ti-O bonds and carbonyl groups 









Table 4.1 XPS data (binding energies, B.E., and atom% composition)for TiO2 containing samples in 
comparison with MC and Pt/MC. 
 
Based on the values in Table 4.1 and the spectra in Fig 4.6 it is evident that there are 
noticeable shifts to the XPS peaks with the various modifications. The samples are primarily 
composed of T12p1/2 bonded Ti around 459.1 eV (TiO2/MC) and 459.4 (Pt/TiO2/MC), a shift 
of 0.3 eV that it could be due to the presence of Pt, since a similar difference (0.4 eV) is 
observed for the binding energy of Pt in samples with and without TiO2. 
 

















C1s 284.8 83.9 284.6 87.1 284.6 93.1% 284.4 91.1 
O1s 532.7 15.4 532.7 11.1 532.8 6.9% 532.1 7.2 
Pt4f - - 71.4 0.9 - - 71.8 1.7 
Ti2P 459.1 0.7 459.4 0.9 - - - - 
Ti surface composition analysis 
Ti2p 
1/2  












Additonal spectra were collected for all of the prepared catalysts materials. Including 
samples with PtRu/MC samples, the quantification of Ru in the PtRu samples is 
complicated since the Ru 3d band (280 eV) overlaps with C 1s band(286 eV). This is 
relevant because the catalytic activity of PtRu depends on the Pt:Ru atom ratio. After 
conversion from atom% (Table 4.2) to wt%, the Pt (~ 22 wt%)  and  PtRu (24 wt%) contents 
in Pt/MC and PtRu/MC are higher than the loadings determined using TGA and ICP-OES, 
but within the error expected in the approximations made to calculate those values. In the 
case of the TiO2/MC support, the TiO2 content estimated using XPS is also higher, ~ 35 
wt%, significantly higher than in the bulk (TGA data), and surely an indication that the 
carbon/metal oxide core/shell structure intended in this work was successful.  
The values obtained for the PtRu/MC and the PtRu/TiO2/MC were 1.5:1.3 and 1.4:1.6, 
respectively. These values are in reasonably good agreement with the 1:1 target ratio, 
mainly considering the complication when fitting the Ru 3d peak. Nevertheless, the Pt:Ru 
atomic ratio is close to 1 in both PtRu/MC and PtRu/TiO2/MC. 




MC Ru/MC Pt/MC PtRu/MC TiO2/MC Pt/TiO2/MC PtRu/TiO2/MC 
C 1S 95 89 91 87.2 78.5 82.4 76.6 
O 1S 5 9 7 10.0 14.97 11.57 15.5 
Ru 3d5 --- 2 ---- 1.3 ---- ---- 1.6 
Pt 4f --- ---- 2 1.5 ---- 1.81 1.4 




   
4.6. Transmission Electron Microscopy (TEM)  
TEM images of these materials were collected in order to visually determine the 
surface morphology and the Pt particle size distribution on MC and TiO2/MC (Fig. 4.7).  
The images show an uniform distribution of porous in MC, as a result of the dissolution of 
the hard-template and combustion of the soft-template (Fig. 4.7a), and an uniform layer of 
small TiO2 nanoparticles (~ 2.5 nm in diamter) on MC (Fig. 4.7b). In the platinized 
samples, a uniform distribution of small Pt nanoparticles with some larger aggregates can 
be observed in both MC and TiO2/MC (Fig. 4.7c and d). The particle size of the Pt particles 
determined by TEM were 5.1 nm and 4.4 nm in MC and TiO2/MC were determined in 
Argentina. The particle sizes are lower than those obtained from XRD data, but there is 
still a good agreement on the fact that TiO2 promote the formation  of smaller particles. 
Using eq 3.3 to determine the Pt utilization with these particles sizes are 44% and 17% for 







Figure 4.7. TEM images of (a) MC before modification, (b) MC after deposition of TiO2 on the surface (c) 







4.7. Electrochemical Analysis of TiO2 Modification on MC and VC   
To test the effectiveness of the TiO2 modification, Pt was deposited onto the surface 
following the same impregnation method used in Chapter 3 for the MCs.  Fig. 4.8 shows a 
comparison between the CVs collected of Pt/MC and Pt/TiO2/MC. The presence of TiO2, 
a hydrophilic material, results in a significant reduction on the double layer capacitance. 
The quinone/hydroquinone peaks on the TiO2 samples are still present, but they are not as 
pronounced as in the case of MC.  
 
 
Figure 4.8. CV of Pt/TiO2/MC and Pt/MC in 0.5M H2SO4 at a scan rate of 0.5mV/s, a step size of 0.5mV. 
 
















The ECSA for Pt/TiO2/MC was found to be 23.4 m
2/g, similar to that previously 
reported in Table 3.7 for Pt/MC (24.3 m2/g). A similar effect was found in other studies 
and it could be due to the lower electrical conductivity of TiO2 (a semi conductor material). 
Additionally in different arrangements of the Pt with the TiO2 and carbon support causing 
different junctions may have a larger impact on the overall conductivity then initially 
thought. A similar pattern was observed in the electrochemical behaviour of Pt deposited 
on VC and TiO2 substrates by a former student, Dr. Christopher Odetola. The ECSA for 
Pt/VC and  Pt/TiO2/VC were  35.9 ± 3.6 m
2/g and 40.4±2.9 m2/g, respectively. 12  
A comparison of XPS results (Table 4.1) shows a shift of 0.4 eV in the BE of Pt to 
lower energies in the presence of TiO2. Interestingly the Pt content on the surface of the 
Pt/TiO2/MC samples is 0.8 atom% versus 1.7 atom% for the Pt/MC sample. If this difference 
is real, then the fact that the ECSA for these two samples are almost identical can mean that 
there is an enhancement and better Pt utilization due to the presence of TiO2. 
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4.8. Electrochemical Stability of Catalyst Materials   
As in the case of the MC substrates, potential cycling in deaerated 0.5M H2SO4 
were performed to evaluate the chemical stability of the modified substrates under 
oxidizing and acidic conditions (see Chapter 3, Section 3.8).  The addition of TiO2 (Fig. 
4.9), did not improve the stability of the carbon substrates, and significant degradation was 
observed after only 400 cycles. It would be necessary to work with different TiO2 contents 
for reaching a conclusion. At this point it is not known if TiO2 is covering the entire surface 




carbon corrosion is expected to take place if carbon is exposed to the acid solution under 
high positive potentials.   
 
 
Figure 4.9. Stability test of the Pt/TiO2/MC in deaerated 0.5 M H2SO4, scan rate of 50mV s-. 
  
 As a summary, in Fig. 4.10, a comparison is made of the normalized ECSA results  
of the Pt/VC, Pt/MC, Pt/MC (1000°C), and Pt/TiO2/MC samples to examine the long term 
stability of these samples. It is highlighted here that these supports do not offer much to 
the long term stability of these materials, but when the support is heated, the materials 
appear to be significantly more stable. Something expecyed upon graphitization of carbon.  
 
 






























Figure 4.10. Normalized ECSA stability plot from BOL-1000 cycles of Pt/MC and Pt/TiO2/MC 
samples.  
 
4.9. Preliminary Studies on Methanol Oxidation Reaction. 
 The methanol oxidation reaction (MOR) is the primary reaction when studying 
materials for DMFC’s, as it models the system conditions for methanol fuel cell 
applications. The catalytic activity of the prepared catalysts was assessed in  deareated with 
Ar 1.0 M CH3OH in 0.5M H2SO4, as supporting electrolyte, the upper potential limit was 
set at 0.850V (vs NHE) to avoid any possible catalyst degradation. The voltammograms 
for the PtRu and Pt catalysts on  MC and TiO2/MC are shown in Fig. 4.11. 
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Figure 4.11. Cyclic voltammograms MOR for the Pt/MC and PtRu/MC materials in 1M MeOH 
and 0.5M H2SO4. 
 
 The PtRu/MC and PtRu/TiO2/MC catalysts possess the best electrocatalytic activity 
for the MOR as evidence by the lower onset potentials (Table 4.2). The modification with 
TiO2 resulted in an almost negligible If/Ib ratio, from 1.1 to 1.2.   
Experiments on MC platinized samples were not very consistent, and delayed 
obtaining results, but turned out to be an interesting result when writing the thesis, since it 
has been reported that MC can enhance the catalytic activity of Pt for the oxidation of 
methanol, due to the number of  -OH functionalities and large surface areas [22, 32].  























Table 4.3. Onset potential and If/Ib ratio, of samples under MOR conditions. 
Sample Onset Potential (V) If/Ib ratio 
Pt/MC 0.49 1.2 
PtRu/MC 0.42 1.1 
Pt/TiO2/MC 0.39 1.2 
PtRu/TiO2/MC 0.40 1.2 
 
 The samples show a slight shift in the onset potential of the forward reaction, there 
is also a slight negative shift for the MOR in the samples modified with TiO2. This 
supports the notion that electrocatalytic activity occurs more favourably in the composite 
catalyst materials. 12  
 
4.10. Conclusions for This Chapter 
The pre-adsorption of glucose on carbon resulted in the formation of a uniform film 
of TiO2 nanoparticles (<10 nm) on the surface of carbon, in good agreement with previous 
work carried out in the group on VC. 19  The BET surface area for the hybrid TiO2/MC 
sample (359 m2 g-1) was significantly higher than that obtained for TiO2/Vulcan (140 m
2/g), 
surely as a result of the higher surface area of MC. Despite this, the ECSA were not 
significantly higher than those obtained for Pt/MC, but there are many opportunities for 
optimization. Nevertheless, these high surface area materials can be of interest in many 




Preliminary work done on the deposition of zirconia (ZrO2) on MC and VC were highly 
satisfactory but they were not included in the thesis.  
The methanol oxidation experiments need to be revisited, but the preliminary results 
in Section 4.6 are promising when compared with other carbon materials. The catalytic 
activity of Pt and PtRu can be enhanced in the presence of TiO2 and other metal oxides is 
known to be favourable. Thus, being able to manipulate the surface area and pore size 
distribution in the samples can add additional value to those findings, and potentially 
contribute to reducing the noble metal content. Mainly if oxygen functional groups (-OH 


















Chapter 5. Conclusions and Future Work   
As mentioned in the motivation statement, one of the main goals of this thesis was to 
synthesize carbon gels with the aid of soft- and hard-templates for electrochemical and 
environmental remediation applications. Carbon products were exposed to different 
annealing post-treatment, as well as used for the preparation of hybrid TiO2/carbon 
materials.  
Carbon and Platinized Carbon Materials 
 Mesoporous carbon products with high surface area (~ 600 to 1000 m2/g) and 
mesopore structure were successfully synthesized using a dual template 
resorcinol-formaldehyde polymerization method using. A polyelectrolyte 
(PDADMAC) as soft-template and silica nanoparticles (200-300 nm) as hard-
template. 
 Pt utilization on platinized samples after carbonization and dissolution of the 
hard-template showed reasonable Pt utilization values in the order of 60%. 
TEM images of these samples showed a good dispersion of Pt particles with 
particles sizes in relatively good agreement with XRD values. However, the 
chemical stability of these materials under high oxidizing potentials and as a 
methanol oxidation catalyst were not as effective as initially thought.  
 Annealing at high temperatures (1500°C) has shown to improve the stability 
of carbon, mainly due to a greater degree of graphitization and surface oxygen 
functional group removal. The relatively low ECSA at the beginning of life 
could be due to changes in the texture of the material. Since the hard-template 




better Pt utilization could be significantly improved by changing the order of 
the steps. 
In conclusion, both Pt utilization and chemical stability are promising results that need to 
be studied in more detail in the future, but these preliminary findings are promising.  
Hybrid Carbon Materials and Electrochemical Performance  
 TiO2/MC large surface area (359m2/g) and mesoporous structure hybrid materials 
were prepared by the deposition of TiO2 on MC obtained by carbonization of RF at 
1000°C for 2 hours, after the pre-adsorption of glucose to incorporate -OH 
functionalities and promote the sol-gel formation of a film of uniform  TiO2 
nanoparticles (<10 nm) on the surface of carbon. The results agree with previous 
work carried out in the group on VC. 19   
 The ECSA of Pt/TiO2/MC samples (23.4 m2/g) was similar to that obtained for 
Pt/MC (24.3 m2/g). This is interesting because TiO2 is a semiconductor and the fact 
that the ECSA values are similar; it could mean that there is an enhancement in the 
catalytic activity of Pt due to the presence of TiO2. Changes in the BE of Pt 
nanoparticles on MC and TiO2/MC can be an indication of that, but more studies 
are required.  
 Preliminary work completed on the deposition of ZrO2 on MC and VC (not 
included in the thesis) showed the studies could be easily extended to other hybrid 






 Mesoporous Carbon as Adsorbing Material for Environmental Remediation 
This thesis contributed to the development of promising adsorption materials for 
environmental remediation, as it was proved in Lucas Hynes’ MSc thesis work. He studied 
the adsorption of melamine on MC, and found similar material to those obtained in this 
thesis can perform equal or even better (higher affinity at low concentration) than 
commercial activated carbons.  
 
Future Work 
Synthesis, Carbonization, and Annealing 
Further studies into the effects of heat treatment and modifying the carbonization 
process could be an additional aspect to examine. A heat treatment step at low-temperature 
under a mix of oxygen/nitrogen gas could be an attractive modification because 
carbonization under oxygen/nitrogen has been shown to improve Pt utilization by opening 
micropores and eliminating impurities 43. Further study into the carbonization as a function 
of temperature without hard-template removal and BET analysis could be used to optimize 
the graphitization step and improve the chemical stability of the carbon products at lower 
temperatures. Additionally, exploring an alternative oxidation treatment to change the 
wetting properties of the carbon substrates is an interesting option in terms of getting more 
chemically inert materials.  
Ink Formulation Optimization 
Since the preparation of reproducible films was found to be a problem in this thesis due 




formulation to ensure a better dispersion of the catalyst, thinner, and more reproducible 
films to improve ink penetration into the micro/mesoporous structure of the carbon 
products.  
Donna Riel, a current MSc student in the Trevani lab,  has expanded this work to  
melamine-formaldehyde (MF) polymer gels to include N into the structure with very 
promissing results. Some of the results obtained when studying RF carbons will be also 
useful for improving and evaluating the performance of MF, and other carbons.  
Adsorption Studies 
A former MSc student from the Trevani lab, Lucas Hynes, successfully defended his 
thesis on the impact of the porosity of carbon on the adsorption behaviour of small 
molecules. His work showed that the high surface area and porosity of the MC had 
favourable adsorption properties in studying melamine adsorption in comparison with VC 
and activated carbons. He began these adsorption studies but the project has now expanded 
to an undergraduate research thesis. The application of this material as an adsorbent 
material for different small molecules can be explored for applications remediation 
processes.  
 Overall, the work in this thesis confirmed that bimodal mesoporous carbon 
materials can be obtained with the help of hard and soft templates. Through the use of 
different size silica nanoparticles, the pore structure can be further modified. Subsequent 
heat treatment of the carbon supports showed significant improvements in chemical 
stability, a promising result for energy conversion and storage applications. The deposition 
of TiO2 on these substrates may improve this further, by facilitating charge transfer and 
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A3. EDX Images of Catalyst Materials  


































A4. XPS Data for MC samples  
 
MC MC (1000°C) MC (1500°C) 
















C1s 284.55 55.83 284.54 43.49 284.57 49.49 284.5 31.06 
C1s A 285.5 24.32 285.33 35.15 285.35 27.85 285.12 43.08 
C1s B 287.05 7.84 286.89 9.63 287.01 8.61 286.8 11.62 
C1s C 289.08 6.82 289.1 8.22 289.17 6.59 288.93 9.95 
C1s D 283.34 2.01 283.3 1.65 283.54 2.6 283.49 1.87 
C1s E 290.93 3.18 291 1.85 291.07 4.86 290.96 2.43 
         
O1s 532.31 50.55 532.3 53.23 532.28 50.89 532.17 50.18 
O1s A 533.76 42.9 533.76 46.77 533.76 43.98 533.67 38.88 
O1s B 530.4 6.54 
  

















































C1s 284.37 91.09 284.52 87.27 284.53 84.94 
O1s 532.05 7.22 532.14 9.45 532.41 13.52 
Pt4f 71.83 1.68 71.3 3.28 71.29 0.77 
       
C1s 284.18 92.14 284.52 61.95 284.51 55.16 
C1s A 289.66 4.88 285.91 17.68 285.52 22.15 
C1s B 291.37 1.61 287.62 8.01 287.05 8.18 
C1s C 294.01 0.86 289.29 6.08 288.88 8.63 
C1s D 284.82 0.51 283.22 1.97 283.3 2.19 
C1s E - - 291.15 4.31 290.87 3.7 
       
O1s 530.44 530.44 532.1 37.26 532.13 41.69 
O1s A 531.57 531.57 533.4 23.34 533.57 36.08 
O1s B 532.99 532.99 530.41 0 530.91 22.23 
O1s C 529.40 529.40 530.79 23.82 - - 
O1s D - - 535.35 15.58 - - 
       
Pt4f7 70.87 91.90 71.26 62.54 71.25 63.81 
Pt4f7 A 73.01 4.41 72.32 21.52 72.23 20.92 
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Fig. 1.1. Mesoporous Crystallite Shape. 
Reproduced with permission from J. Electrochem. Soc., 165 F3230-F3240(2018). 








Fig 1.2 Isotherm Classifications  
IUPAC classification of gas adsorption isotherms (Fig. 1-3), Reprinted from 
Thommes et al, Pure Appl. Chem., 87, 1051, 2015 “Physisorption of gases, with 
special reference to the evaluation of surface area and pore size distribution 
(IUPAC Technical Report)”.Copyright (2015) ©IUPAC, De Gruyter publisher. 
 
 
 
